Background Patients have high reinjury rates after ACL reconstruction. Small knee flexion angles and large peak posterior ground reaction forces in landing tasks increase ACL loading. Questions/purposes We determined the effects of a knee extension constraint brace on knee flexion angle, peak posterior ground reaction force, and movement speed in functional activities of patients after ACL reconstruction. Patients and Methods Six male and six female patients 3.5 to 6.5 months after ACL reconstruction participated in the study. Three-dimensional videographic and force plate data were collected while patients performed level walking, jogging, and stair descent wearing a knee extension constraint brace, wearing a nonconstraint brace, and not wearing a knee brace. Knee flexion angle at initial foot contact with the ground, peak posterior ground reaction force, and movement speed were compared across brace conditions and between genders. Results Wearing the knee extension constraint brace increased the knee flexion angle at initial foot contact for each activity when compared with the other two brace conditions. Wearing the knee extension constraint brace also decreased peak posterior ground reaction force during walking but not during jogging and stair descent. Conclusions Although the knee extension constraint brace did not consistently reduce the peak posterior ground reaction force in all functional activities, it consistently increased knee flexion angle and should reduce ACL loading as suggested by previous studies. These results suggest the knee extension constraint brace has potential as a rehabilitation tool to alter lower extremity movement patterns of patients after ACL reconstruction to address high reinjury rates.
Introduction
ACL rupture is a common injury in sports, leading to the highest direct medical cost of all sports injuries [9, 30] .
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ACL reconstruction surgery requires a long and costly rehabilitation. Some authors recommended patients need 4 to 6 months of rehabilitation before returning to sport activities after ACL reconstruction surgery and 6 to 9 months before returning to vigorous cutting and pivoting activities [5, 12, 15] . Although the majority of injured athletes are able to return to preinjury competition levels after rehabilitation, their performances may be adversely affected [7] . In addition, these athletes still have a higher risk of ACL reinjury [10, 13, 32, 33, 36, 37, 40] and of having secondary knee disorders develop, such as osteoarthritis, chronic knee instability, and damage to menisci and chondral surfaces [10, 16, 24, 42] . Enhanced rehabilitation techniques are needed to improve the outcome of the rehabilitation and quality of life of patients after ACL reconstruction.
A knee extension constraint brace has been designed and shown to be as effective in increasing knee flexion angle and decreasing peak posterior ground reaction force for subjects without lower extremity injuries during the landing of a stop-jump task [27, 42] . Increasing knee flexion angle and decreasing peak posterior ground reaction force during landing may reduce the risk for noncontact ACL injuries [1, 4, 14, 29, 31, 35, 42] . Therefore, this knee extension constraint brace may have potential as a rehabilitation tool to alter lower extremity movement patterns for patients after ACL reconstruction to address the high reinjury rate. Understanding the effects of wearing this knee extension constraint brace on lower extremity movement patterns in daily functional activities of the patients after ACL reconstruction is essential for future research of clinical applications of this brace.
We therefore determined the effects of the knee extension constraint brace on knee flexion angle and ground reaction forces for functional activities of patients after ACL reconstruction. We hypothesized patients wearing the knee extension constraint brace would increase their knee flexion angle at initial foot contact with the ground during level walking, jogging, and stair descent. We also hypothesized patients wearing the knee extension constraint brace would decrease peak ground reaction forces during the selected functional activities. We finally hypothesized wearing the brace would not affect the patients' movement speeds for the selected functional activities.
Patients and Methods
Six male and six female patients 3.5 to 6.5 months after ACL reconstruction surgery were recruited for this study. The age of these subjects ranged from 18 to 32 years with an average of 22.4 years. The use of human subjects was approved by the institution's Biomedical Internal Review Board. Written consent was obtained from each subject before data collection. Each subject's height, weight, ACL reconstruction date, and affected leg were recorded.
Each subject was tested for three functional activities under three brace conditions. The three functional activities were (1) level walking, (2) jogging, and (3) stair descent. For level walking and jogging, the subjects approached a force plate with four to five steps, landed with the testing leg on the force plate, and completed four to five more steps. For stair descent, subjects walked down a staircase consisting of four steps with the lowest two steps rigidly connected to force plates. The height of each step was 0.18 m. The order of testing activities was randomized for each subject.
The three brace conditions were (1) with the knee extension constraint brace, (2) with a brace without the constraint, and (3) without a brace. The knee extension constraint brace was made with upright upper thigh and lower calf cuffs (Djo LLC, Vista, CA, USA). Hook-andloop straps attached the brace to the leg. The knee extension constraint consists of a spring mechanism that applies gradual increasing resistance to knee extension from 40°fl exion until 10°flexion, at which point there is a rigid stop to prevent additional extension. The resistive torque is adjustable and was set to increase gradually to a maximum of 3.5 NÁm just before 10°knee flexion. The knee brace without the constraint was made identical to the constraint brace except for the constraint feature. Braces were available in extra small, small, medium, and large sizes. The order of brace condition was randomized for each patient.
Passive reflective markers were placed on the patient bilaterally at the anterior superior iliac spine, acromion process of the shoulder, lateral thigh, tibial tuberosity, distal shank, and lateral malleolus. A passive reflective marker also was placed on the L4-L5 joint. Patients were allowed to practice each task until they felt comfortable, and performed five successful trials for each combination of functional activity and brace condition at a self-selected speed. A successful trial was defined as a trial in which videographic and force plate data were successfully collected.
Eight infrared video cameras were used to record the real-time three-dimensional (3-D) trajectories of reflective markers on the subject at a frame rate of 120 frames per second. The video cameras were calibrated for a calibration volume of 2.5 m long 9 1.5 m wide 9 2.5 m high containing the force plates and the space in which all functional activities were performed. Ground reaction force signals from two Type 4060A Bertec force plates (Bertec Corp, Worthington, OH, USA) were collected at a sampling rate of 1000 samples per second per channel. The videographic and analog data were time-synchronized and recorded using the Peak Performance Motus videographic and analog data acquisition system (Peak Performance Technology Inc, Englewood, CO, USA). After testing all functional activities for all brace conditions, additional passive reflective markers were placed bilaterally on the lateral and medial tibial condyles and medial malleoli. A static standing trial was performed in which 3-D videographic data of all reflective markers were collected while the patient stood at the center of the area covered by the force plates.
The real-time 3-D coordinates of the reflective markers collected during each trial of functional activities were filtered through a Butterworth low-pass digital filter at an estimated optimum cutoff frequency of 10 Hz [41] . The locations of the lateral and medial tibial condyles and medial malleoli in each frame of each trial of the functional activities were estimated from the position and orientation of the tibia and the locations of the markers on the lateral and medial tibial condyles and medial malleoli relative to the tibia. The position and orientation of the tibia in a given frame were determined from the locations of the markers on the tibial tuberosity, distal tibia, and lateral malleoli in the frame. The locations of the markers on the lateral and medial tibial condyles and medial malleoli relative to the tibia were obtained from the locations of all the reflection markers in the static standing trial. The locations of hip centers were estimated as described by Bell et al. [3] . The knee center was defined as the middle point between the medial and lateral tibial condyles. The ankle center was defined as the middle point between medial and lateral malleoli. Knee angles were calculated as Euler angles of the tibia reference frame relative to the femur reference frame with flexion-extension, valgus-varus, and internal-external rotation as the first, second, and third rotations, respectively. The horizontal speeds of the hip centers at initial foot contact with the ground were averaged as the corresponding horizontal speed of the pelvis and used as an estimate of whole-body horizontal speed at the initial foot contact with the ground. Electric signals from the force plates were converted into three components of the ground reaction force vector, location of the center of pressure, and free moments. Ground reaction forces were normalized to body weight. All signal processing and data reduction were performed using MotionSoft 3-D motion data reduction program package Version 6.5 (MotionSoft Inc, Chapel Hill, NC, USA).
Two-way analyses of covariance (ANCOVAs) with mixed design were performed to compare knee flexion angle at initial foot contact and peak posterior ground reaction force for each activity. Brace condition was treated as a repeated measure, with gender as an independent measure and the horizontal speed of the pelvis as the covariate. Previous research has shown gender may affect knee flexion angle and ground reaction forces [6, 11, 23, 25, 28] , therefore, gender was included to determine whether there was an interaction effect between brace condition and gender. The goal of this study was to determine the brace effect, and not the gender effect.
Two-way ANOVA with mixed design also was performed to compare the horizontal speed of the pelvis for each activity. Brace condition was treated as a repeated measure, with gender as an independent measure.
One-way ANOVA with repeated measures was performed to compare the dependent variables among brace conditions for each gender if an interaction of brace condition and gender was detected. Paired t tests were performed to locate differences if a main effect of brace condition was detected.
A Type I error rate of 0.05 was chosen to indicate statistical significance. Bonferroni adjustment was made for post hoc paired t tests to guarantee the overall Type I error rate for each ANOVA analysis. All statistical analyses were performed using SPSS Version 11 (SPSS Inc, Chicago, IL, USA).
Results
No interaction effects between brace condition and gender were present for any dependent variables in any functional activity (p C 0.341).
Brace condition affected (p = 0.001) the knee flexion angle at initial foot contact for all three functional activities (Table 1) . Subjects had greater (p = 0.001) knee flexion angles at initial foot contact when wearing the knee extension constraint brace compared with when wearing the nonconstraint brace and no brace ( Table 1) . Walking speed affected (p = 0.034) the knee flexion angle. The knee flexion angle decreased as the walking speed increased. Jogging and stair descent speeds did not affect (p C 0.401) the knee flexion angle.
Brace condition affected (p = 0.021) peak posterior ground reaction force for level walking ( Table 2) . Subjects had lower peak posterior ground reaction forces when wearing the knee extension constraint brace than when wearing the nonconstraint brace (p = 0.025) and no brace (p = 0.007) ( Table 2 ). Brace condition did not affect the peak posterior ground reaction force for jogging (p = 0.538) and stair descent (p = 0.390) ( Table 2) .
Walking speed affected (p = 0.009) the peak posterior ground reaction force. The peak posterior ground reaction force decreased as the walking speed increased. Jogging and stair descent speeds did not affect the peak posterior ground reaction force (p C 0.368).
Brace condition affected (p = 0.035) walking speed (Table 3) . Patients had lower walking speeds when wearing the constraint brace and nonconstraint brace than when wearing no brace (p = 0.001 and p = 0.012, respectively). Brace condition also affected (p = 0.043) the stair descent speed ( Table 3) . Subjects had greater stair descent speeds when wearing the knee extension constraint brace and when wearing no brace than when wearing the nonconstraint knee brace (p = 0.002 and p = 0.019, respectively). Brace condition did not affect (p = 0.876) horizontal jogging speed (Table 3 ).
Discussion
Patients have high reinjury rates after ACL reconstruction. Small knee flexion angles and large peak posterior ground reaction forces in landing tasks increase ACL loading. We determined the effects of a knee extension constraint brace on knee flexion angle, peak posterior ground reaction force, and movement speed in functional activities of patients after ACL reconstruction.
Our study has several limitations that should be considered in future studies. The knee extension constraint brace was designed to modify lower extremity sagittal plane biomechanics for dynamic activities. Evaluation of the effects of the knee extension constraint brace on lower extremity kinematics and kinetics was focused on sagittal plane mechanisms in this study. Although one study on ACL loading showed sagittal plane biomechanics are the major contributors to ACL loading, knee valgus-varus and internal rotation moments also affect ACL loading [29] . Future studies should determine the effects of the knee extension constraint brace on nonsagittal plane biomechanics. Also, although we showed the knee extension constraint brace altered the knee flexion angle at initial contact and peak posterior ground reaction force for our Values are expressed as mean ± SD; *knee flexion angle was greater when wearing the constraint brace than when wearing the nonconstraint brace (p = 0.001) and no brace (p = 0.001). Values are expressed as mean ± SD; *peak posterior ground reaction force was lower when wearing the constraint brace than when wearing the nonconstraint brace (p = 0.025) and no brace (p = 0.007). Values are expressed as mean ± SD; *movement speed was lower (p = 0.001) when wearing the constraint brace than when wearing no brace; movement speed was lower (p = 0.012) when wearing the nonconstraint brace than when wearing no brace; à movement speed was lower when wearing the nonconstraint brace than when wearing the constraint brace (p = 0.002) and no brace (p = 0.019).
patients, we did not measure ACL loading or the probability for ACL injuries with altered lower extremity motion patterns. Future studies are needed to develop methods to measure ACL loading in vivo to confirm the effects of the knee extension constraint brace. Additionally, the nonsignificant effects of the constraint brace on the ground reaction forces might be consequences of Type II errors owing to small sample size. Future studies with large sample sizes may be needed to reevaluate the effect of the constraint brace on the ground reaction force. Our results support our first hypothesis that after ACL reconstruction, patients would increase their knee flexion angle at initial foot contact for selected functional activities while wearing the knee extension constraint brace. These results are consistent with those of previous studies for recreational athletes without ACL injuries [27, 42] .
Our results partially support our second hypothesis that after ACL reconstruction, patients would decrease their peak posterior ground reaction forces during selected functional activities while wearing the knee extension constraint brace. Our results showed that after ACL reconstruction, patients decreased their peak posterior ground reaction force during level walking while wearing the knee extension constraint brace. These results are also consistent with those of previous studies for recreational athletes without ACL injuries [27, 42] . However, our patients did not show a decrease in the peak posterior ground reaction force during jogging and stair descent while wearing the knee extension constraint brace. These results suggest the effect of wearing the constraint brace on peak posterior ground reaction force during jogging and stair descent is inconsistent across functional activities.
Our results also partially support our third hypothesis that after reconstruction, patients would not change their movement speeds while wearing the knee extension constraint brace. Although wearing the constraint brace had no major effect on horizontal jogging speed, it resulted in a decrease in the horizontal walking speed and an increased stair descent speed. Considering the jogging speed was greater than the level walking and stair descending speeds, we hypothesize the brace affects the performance of lowerspeed tasks but not high-speed tasks. Future studies are needed to test this hypothesis.
The observed differences in knee flexion angle at the initial foot contact and peak posterior ground reaction force across brace conditions should be considered as the effect of brace condition, instead of effects of movement speed. The ANCOVAs showed walking speed and brace condition contributed to the variations of knee flexion angle and peak posterior ground reaction force. The ANCOVAs also showed jogging and stair descent speeds did not contribute to the variations in knee flexion angle and peak posterior ground reaction force for jogging and stair descent. These results indicate the differences in knee flexion angle and peak posterior ground reaction force across brace conditions are not attributable to variation in movement speed.
Increasing the knee flexion angle in functional activities after ACL reconstruction surgery should protect ACL grafts from excessive loading independent of posterior ground reaction force. ACL loading decreases as knee flexion angle increases, especially when the knee flexion angle is less than 30° [29] . At a given knee flexion angle, ACL loading decreases as the anterior shear force applied on the proximal end of the tibia decreases [17, 38] . The relationship between ACL loading and knee flexion angle is attributable to the relationships between the patellar tendon-tibial shaft angle and knee flexion angle and between the ACL elevation angle and knee flexion angle (Fig. 1) . The patellar tendon-tibial shaft angle decreases as the knee flexion angle increases [31] . With constant quadriceps muscle force, therefore, the anterior shear force applied on the knee decreases as knee flexion angle increases [31] . The ACL elevation angle also decreases as the knee flexion angle increases [26] , therefore, ACL loading decreases as knee flexion angle increases for a given anterior shear force at the knee.
Decreasing peak posterior ground reaction force for functional activities after ACL reconstruction surgery also should protect the ACL from excessive loading [39] . The posterior ground reaction force generates a knee flexion moment that must be resisted by a knee extension moment generated by the quadriceps muscles through the patellar tendon. Decreasing the posterior ground reaction force decreases the required internal knee extension moment, thus decreasing the quadriceps and patellar tendon forces (Fig. 2) . Decreasing patellar tendon force decreases the Fig. 1 The patellar tendon-tibial shaft angle (a), ACL elevation angle (b), and knee flexion angle (h) are shown. anterior shear force imposed on the ACL when the knee flexion angle is less than 60° [2, 31] . An in vivo study showed the peak ACL loading occurs at the time of impact peak vertical ground reaction force during a hop landing task [8] , and the impact peak posterior and vertical ground reaction forces occur essentially at the same time during a stop-jump task [43] . These studies show the important effect of the peak posterior ground reaction force on ACL loading and the risk of noncontact ACL injury.
Our results combined with those of previous studies suggest the constraint brace has potential as a rehabilitation tool to improve outcomes of the rehabilitation after ACL reconstruction. Our patients increased knee flexion angles for all three functional activities and decreased peak posterior ground reaction force for level walking while wearing the constraint brace. Previous studies have shown increasing knee flexion angle and decreasing peak posterior ground reaction force decrease ACL loading, indicating the knee extension constraint brace may protect patients after ACL reconstruction from excessive ACL loading. Use of the knee extension construction brace may enable earlier return to sports and exercise after ACL reconstruction. Additionally, the altered lower extremity movement patterns may decrease the risk of reinjury after ACL reconstruction if the altered lower extremity movement patterns persist after removal of the brace. Future studies are needed to explore these possibilities. Fig. 2 The diagram illustrates posterior ground reaction force (Fx), moment arm of posterior ground reaction force (R1), knee extension moment (Mk), and moment arm of the patella tendon (R2).
